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Quantum dots (QDs) have been extensively investigated as
fluorescent probes and are emerging as a new class of agents
for biomedical imaging and diagnosis because of their broad
absorption profiles, tunable emission wavelengths, and high
photooxidation stability.[1–3] QDs consist of an inorganic core
surrounded by an organic shell. Normally, different types of
biomolecules, such as amino acids, DNA, or peptides, are used
for the organic shell to facilitate water solubility and
biocompatibility of the QDs. However, because the core
may contain toxic heavy metals (e.g., Cd, Hg, Pb, and Zn), the
potential cytotoxicity of QDs has been a major impediment to
their widespread application.[4–6] It has therefore become
critical to fully understand the interactions between QDs and
living cells in order to develop nontoxic and biocompatible
QDs for clinical use. Early studies have suggested that the
release of core components, the generation of reactive oxygen
species (ROS), and nonspecific binding to cellular mem-
branes and intracellular proteins are the major mechanisms of
the observed cytotoxic effects of QDs.[7–9] Despite a signifi-
cant surge in the number of investigations into the cytotox-
icity of QDs, there is currently only limited knowledge about
the cytological and physiological mediators of these effects.

Interestingly, recent data have suggested that the induction of
autophagy by certain sizes of QDs could play an important
role in their toxic actions.[10–12]

Autophagy is a metabolic process involved in protein and
organelle degradation and plays key roles in maintaining
cellular homeostasis and contributing to cellular defense.[13] It
has been recognized as a third pathway of cell death, after
apoptosis and necrosis, and is responsive to various physico-
pathological stimuli.[14] Recent work has shown that small
QDs (< 10 nm) rather than those with larger sizes (40–50 nm)
induce autophagy in cultured cells.[10, 15] This size-dependent
induction of autophagy has also been reported for other
nanoparticles (NPs).[11, 16, 17] However, all the above studies
focused on the effects of type and size of the NPs, while other
factors that may induce autophagy remain unexplored.

Although many studies have demonstrated that surface
modification of QDs with biomolecules endows them with
various biological functionalities, the impact on living organ-
isms of the chirality of the surface biomolecules has been
largely neglected. Chirality is an important phenomenon in
living systems and nearly all biological polymers must be
homochiral to function. For example, all amino acids in
proteins are “left-handed”, whereas all sugars in DNA and
RNA are “right-handed”.[18] Different chiral properties of
biomolecules may determine their ability to interact with
other biomolecules and thereby modulate a range of down-
stream processes. More recently, several attempts to develop
chiral QDs with optical activities using different chiral
stabilizers have been reported.[19–22]

Herein, the effects of QDs capped with different chiral
forms of the tripeptide glutathione (GSH) on cytotoxicity and
induction of autophagy were examined. Two different sizes of
cadmium telluride (CdTe) QDs coated with either l-GSH (l-
GSH-QDs) or d-GSH (d-GSH-QDs) were found to show
dose-dependent cytotoxicity and to significantly increase the
levels of autophagic vacuoles. The activation of autophagy
was chirality-dependent, with l-GSH-QDs being more effec-
tive than d-GSH-QDs. The ability of QDs to induce cell death
was correlated with their ability to induce autophagy. This
chirality-associated regulation of cellular metabolism and
cytotoxicity highlights the important role of the conformation
of the stabilizers, and has important implications for the
design of novel QDs with enhanced optical properties and
reduced or no toxicity.

In this study, negatively charged water-soluble CdTe QDs
were synthesized according to the Rogach–Weller method[23]

and coated with different chiral forms of GSH as stabilizers
(Figure 1a). To clearly understand the chirality effect, two
series of QDs were prepared. Group 1 comprised small-sized
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QDs with green fluorescence (L563 QDs, l-GSH capped,
emission maximum (lem) = 563 nm; D560 QDs, d-GSH
capped, lem = 560 nm). Group 2 consisted of large-sized
QDs with red fluorescence (L620 QDs, l-GSH capped,
lem = 620 nm; D622 QDs, d-GSH capped, lem = 622 nm; see
Figure S1 in the Supporting Information). Characterization
by X-ray diffraction (XRD) analysis showed that QDs have
typical zinc blende crystal structures (Figure S2 in the
Supporting Information).[24] High-resolution transmission
electron microscopy (HRTEM) indicated that all QDs are
approximately spherical in shape. The lattice spacing of the
(220) plane for D560 and L563 QDs showed a distance of
0.23 nm, and of the (111) plane for D622 and L620 QDs a
distance of 0.38 nm (Figure 1b).

Table 1 summarizes the physical properties of the QDs. l-
and d-GSH-QDs have the same size, surface charge, and
fluorescence properties. The sizes of L563 and D560 QDs are

about 3.2 nm, while L620 and D622 QDs are around 4.2 nm.
The only difference between these two types of QDs is their
chirality. L563 and D560 QDs showed essentially mirror-
image circular dichroism (CD) spectra in the region of 200 to
300 nm (Figure 1c). Similar CD characteristics were observed
for L620 and D622 QDs (data not shown). It is also of note
that, compared with chiral QDs, free l- and d-GSH molecules
also show mirror-image CD spectra, but the signals are
reversed (Figure 1c). Such reversal of CD signals after
molecule adsorption onto the QD surface has been reported
previously.[19] All the QDs, regardless of size or chirality, were
found to be stable and no significant degree of aggregation or
decomposition was observed after storage in phosphate-
buffered saline (PBS) solution for two days (Figure S3 in the
Supporting Information).

To explore the different biochemical effects of l- and d-
GSH-QDs, we first compared their effects on cell viability in
human hepatoma HepG2 cells. As shown in Figure 2 a(1),
both l- and d-GSH-QDs showed concentration- and chir-
ality-dependent cytotoxicity, with l-GSH-QDs showing
greater cytotoxicity for a given concentration. We then
compared their effects on induction of autophagy. Relative
to controls, all four QDs tested triggered conversion of
microtubule-associated protein light chain 3 (LC3)-I to LC3-
II, the best-characterized marker of autophagy[25] (Fig-
ure 2a(2)). This activation of autophagy was chirality-depen-
dent, with l-GSH-QDs inducing more dramatic autophagy
than d-GSH-QDs, regardless of QD size. Size-dependent
effects were also observed, with L563 QDs demonstrating the
strongest effects and D622 QDs showing the weakest effects
on stimulation of autophagy (Figure 2a(2)).

To study the relationship between dosage of QDs and
ability to induce autophagy, different concentrations of QDs
were used to measure their ability to induce autophagy. As
shown in Figure S4 in the Supporting Information, induction
of autophagy by QDs was observed under lower-concentra-
tion treatment (10 and 20 nm). It was also chirality-dependent
and l-GSH-QDs stimulated more LC3-II expression. How-
ever, lower doses showed less profound differences between
the two types of QDs. To further confirm induction of
autophagy as being a chirality-dependent process, we exam-
ined the effects of QDs on HepG2 cells stably overexpressing
LC3-EGFP (EGFP = enhanced green fluorescent protein).
Fluorescence microscopy showed that all QDs induced LC3-
EGFP aggregation in HepG2 cells, although the effect was
very weak for D622 QDs (Figure 2b). As a positive control,
amiodarone hydrochloride (AH) significantly induced
autophagy.[26]

Figure 1. Characterization of d- and l-GSH-QDs. a) Schematic diagram
of l- (left) and d-GSH-QDs (right). b) HRTEM images of d- and l-
GSH-QDs of different sizes. The spherical QDs are marked by circles
with a distance of the lattice spacing (220) or (111) of zinc blende
CdTe, as indicated. c) CD spectra of l- and d-GSH and the l- and d-
GSH-QDs.

Table 1: Physicochemical properties of CdTe QDs.

CdTe Surface
modification

Diameter[a]

[nm]
z-potential
[mv]

lem
[b]

[nm]
Quantum
yield

L563 l-GSH 3.2 �50 563 0.44
L620 l-GSH 4.2 �51 620 0.54
D560 d-GSH 3.2 �47 560 0.53
D622 d-GSH 4.2 �54 622 0.46

[a] The diameters of the QDs were the average of at least 100
measurements in the TEM images. [b] Emission maximum.
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To more precisely define the morphological changes and
cellular vacuole formation accompanying QD treatment,
HepG2 cells exposed to QDs for 24 hours were examined
by TEM. In comparison with untreated controls, a number of
autophagosomes containing internalized cytoplasmic debris
were observed as darkly stained granular inclusions in AH-
treated cells (Figure 2c, white arrows). The most striking
feature of the QD-treated cells was the large number of
empty vacuoles appearing in the cytoplasm (Figure 2 c, black
arrows). Some QD-treated cells also showed autophagic
vacuoles bounded by membrane bilayers or dark granular
aggregates, which most likely represent the accumulation of
QDs (Figure 2 c). D622 QDs were less effective at accumu-
lating vacuole formation than the other three types of QDs.
These morphological observations on the formation of large
numbers of autophagic vacuoles are consistent with increases
in LC3-II expression and LC3-EGFP fluorescence intensity
(Figures 2 a(2) and b).

Autophagic cell death is a cytoprotective mechanism that
responds to stress conditions and allows the living organisms

to adapt to environmental and developmental changes.[27] As
shown in Figure 2c, numerous large vacuoles appeared in the
cytoplasm of QD-treated cells, features of autophagic cell
death. To determine whether the accumulation of autophagic
vacuoles was associated with QD-dependent cytotoxicity,
quantitative measurements of cell viability after QD and
autophagy inhibitor treatment were carried out. HepG2 cell
viability dramatically decreased in L563-, L620-, and D560-
treated cells after 12 and 24 hours of incubation (Figures 3a
and b, respectively), consistent with the results of Fig-
ure 2a(1). For QDs with similar diameters, l-GSH-coated
QDs were more cytotoxic than d-GSH-modified QDs and
this pattern parallels the ability of QDs to induce autophagy.
This correlation indicates that the cell death induced by the
QDs may be mediated, at least partially, by an autophagy-
dependent mechanism. To examine this hypothesis, we pre-
treated the cells with the autophagy inhibitor 3-methylade-
nine (3MA; Figures 3a and b). 3MA pretreatment signifi-
cantly rescued cells, although it did not completely block QD-
induced cell death, especially in cells treated with L563, L620,

Figure 2. Induction of cell death and accumulation of autophagic vacuoles by QDs are chirality-dependent. a) 1) Concentration- and chirality-
dependent cytotoxicity of QDs. 2) l-GSH-capped QDs had more profound effects on the induction of autophagy than d-GSH-QDs (40 nm).
b) Fluorescence microscopy images of LC3-EGFP in HepG2 cells stably overexpressing LC3-EGFP following QD treatment. Scale bars: 25 mm.
c) TEM images of HepG2 cells treated with QDs for 24 h. AH was used as a positive control and autophagic vacuoles, consisting of double-
layered membranes containing cellular debris, are indicated by white arrows. QD-triggered autophagic cell death was characterized by numerous
large vacuoles within the cytoplasm (black arrows).
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and D560 QDs. The effects were most noticeable after
24 hours of treatment with the QDs. For D622 QD-treated
cells, no changes in cell viability were observed after either 12
or 24 hours of incubation with 3MA. The fact that 3MA had
no effect on the cell viability in D622 QD-treated cells
(Figures 3 a and b) and did not completely block cell death
induced by the other QDs may indicate that, in addition to
autophagy-dependent cell death, QDs may be killing cells
through other mechanisms.

Lysosomes play an important role in autophagy and are
believed to be the key organelles involved in autophagy-
mediated cell death.[13] The fate of NPs in lysosomes has been
discussed recently.[28] To determine whether QDs could
interfere with lysosome function, the integrity of lysosomal
membranes was assessed by using flow cytometry to examine
the release of acridine orange (AO) from lysosomes into the
cytosol (Figure 3c). For QDs with the same sizes, the degree
of loss of the AO fluorescence signal was greater in cells
treated with l-GSH-QDs than in those treated with d-GSH-
QDs (Figure 3c (1) and (2)). The stability of lysosomal
membranes in the cells after treatment with GSH-QDs also
correlated with the induction of autophagy. Furthermore, we
observed that the pH of lysosomes was affected by QD

treatment (Figure S5 in the Supporting Information). After
incubation with L563 and D560 QDs for 24 hours, HepG2
cells were labeled with LysoSensor, followed by measurement
of its fluorescence intensity. Cells treated with both types of
QDs exhibited a pH-dependent increase in green fluores-
cence intensity of LysoSensor, which indicated that the
lysosomal pH was decreased.

To assess the cellular distribution of QDs, we treated
HepG2 and RAW264.7 cells with 20 nm L620 QDs. After
4 hours of treatment, both cell lines showed red punctuated
fluorescence in the cytoplasm, but no signal was detected in
the nuclei. After 24 hours of treatment, L620 QDs were
distributed throughout the cytoplasm of both cell types, which
indicated that more QDs were acquired by the cells after
24 hours of labeling (Figure 4a). The TEM studies (Fig-
ure 2c) also supported the fluorescence microscopy analysis
and confirmed that QDs are taken up by the cells and are
distributed mainly in the cytoplasm.

Since the differential biological effects of QDs could also
be linked to their differential cellular uptake, quantitative
measurements of QD cellular uptake were carried out by
measuring the elemental cadmium (Cd) content using induc-
tively coupled plasma–mass spectrometry (ICP-MS[29] ; Fig-
ure 4b). Similar levels of Cd in equal numbers of cells
confirmed that the QDs with similar sizes but different
chirality had comparable cellular uptake. Therefore, the
observed differential effects of QD chirality on the accumu-
lation of autophagic vacuoles and associated cytotoxicity are
dependent mainly, if not entirely, on their interaction with
autophagy machinery, rather than differential cellular uptake.

Figure 3. QD-induced cytotoxicity is chirality-dependent and is
decreased by an inhibitor of autophagy. HepG2 cell viability was
measured after a) 12 or b) 24 h of QD treatment. In some studies,
cells were pretreated with 3 mm 3MA for 12 h. *p<0.05 and
**p<0.01 compared to the cells without 3MA pretreatment. c) QDs
decreased lysosome stability in HepG2 cells. Representative histo-
grams show the effects of both 1) 560 QDs and 2) 620 QDs on
lysosomal stability.

Figure 4. Cellular uptake of GSH-QDs. a) Confocal images of HepG2
and RAW264.7 cells treated with L620 QDs for 4 or 24 h. Scale bars:
20 mm. b) Quantification of cadmium levels by ICP-MS in 1 � 107

HepG2 cells treated with QDs for 24 h.
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At the same time, it was found that larger QDs were more
readily taken up by the cells than the smaller QDs, regardless
of their surface chirality. Considering this, as well as the fact
that multiple mechanisms associated with QD cytotoxicity
may exist, the intracellular doses of the QDs may also play a
role in determining their cytotoxicity.

To discriminate the difference between the d- and l-GSH,
especially their different biological functions, we carried out a
coupled enzymatic assay to address whether d-GSH is
biologically active. Our study showed that d-GSH could not
be used as an enzymatic substrate for glutathione reductase
(GR) or the glutaredoxin, Ure2[30] (Figure S6 in the Support-
ing Information). Further, d-GSH did not inhibit or interfere
with l-GSH in the same enzymatic reactions (data not
shown), which suggests that d-GSH does not compete with l-
GSH for binding to the active site.

It is possible that l-GSH (or other thiol-containing
molecules) inside cells could replace the d-GSH stabilizer
through a surface exchange reaction.[28] A similar surface
exchange reaction has been observed in aqueous solution,[31]

although it is not clear if this reaction happens in cells. Our
study demonstrates that free l-GSH (1 mm) led to only a
limited decline in the CD signal of d-GSH-QDs (Figure S7 in
the Supporting Information). The intracellular concentration
of l-GSH in HepG2 cells, as used in this study, is in the range
of 0.1 to 0.25 mm (personal communication, S. T. Stern,
Nanotechnology Characterization Lab, NCI). Therefore,
although the surface exchange reaction may indeed occur to
some extent, it should not greatly affect the chirality of QDs
under the conditions of our experiments. On the other hand,
the abundance of l-GSH, and the absence of d-GSH in
biological systems, may affect the shell degradation of QDs. It
would be expected that GSH-coated QDs will prefer to
accommodate GSH of the same enantiomer. Where only one
enantiomer is available, this preference would then affect the
relative thermodynamic stability of the QDs coated by l-
GSH or d-GSH. Consistent with this, d-GSH-QDs showed a
faster decrease in their fluorescence than l-GSH-QDs in
biomimetic fluid containing 0.25 mm l-GSH (Figure S8 in the
Supporting Information).

In summary, this work provides new insights into QD-
induced cellular injury by demonstrating differential toxicity
associated with the chirality of GSH coating. QDs coated with
d-GSH, the nonbiologically active form of GSH, showed less
cytotoxicity than l-GSH-coated QDs. Identification of this
chirality-dependent cytotoxicity of QDs provides important
insight for designing more “inert” surface coatings using
biomolecules and may open a new avenue for further
development of QDs for biomedical imaging. Furthermore,
the accumulation of autophagic vacuoles by QDs may also
suggest a general mechanism for cytotoxicity associated with
NP exposure, which may mimic a cytoprotective mechanism
when cells encounter exposure to foreign particles, such as
viruses or bacteria.
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